Introduction
Vinegar contains various organic acids, such as: acetic lactic, malic, and citric, and acidity quality control is necessary in order to produce vinegar. In line with Japanese Agricultural Standards (JAS), 1 the titratable acidity of cereal vinegar and vinegar made from fruits is regulated to be greater than 4.2 and 4.5%, respectively. Therefore, an acidity determination is essential to control of fermentation and quality of vinegar. The acidity of vinegar, expressed as the concentration of acetic acid, is titrated with 0.5 M NaOH using phenolphthalein as an indicator. However, the results by this titration method are not always satisfactory owing to the vagueness of the indication of the color change, particularly in the case of balsamic vinegar. A more accurate, simple, and rapid method should be established for this determination. Although microbial sensors 2, 3 and an enzyme sensor 4 for determining acidity have been fabricated, the term stability of the sensors was too short to be applied to quality control in food companies.
The authors previously developed a new voltammetric method for determining the total acid content in wine, based on the fact that acids in an unbuffered ethanol solution of 3,5-di-t-butyl-1,2-benzoquinone (DBBQ) gave rise to a new peak (termed the prepeak) on a voltammogram at more positive potentials than that corresponding to the normal reduction peak of DBBQ. The total acid content in wine was determined from the prepeak heights. 5 The electrochemical reduction of quinone, such as DBBQ in amphiprotic solvents, is generally known to involve a two-electron transfer coupled with a two-proton transfer to form the corresponding hydroquinone. 6 The occurrence of a prepeak can be ascribed to the increased availability of protons from the added acid compared to solvent molecules, resulting in a lowering of the free energy for the reduction process; consequently the reduction potential shifts to the positive direction, depending on the acid strength. 7, 8 DBBQ exhibited a well-defined prepeak at +0.1 V vs. a saturated calomel electrode (SCE), indicating that dissolved oxygen causes no interference in measuring the prepeak height, and that no appreciable change occurs upon storage at room temperature for more than one month in ethanol. 5 Such a voltammetric acid determination shows promise of making an automatic analyzer for titratable acidity in vinegars in industrial laboratories. Before making the analyzer, a simple and inexpensive disposable voltammetric cell should be developed.
Aoki et al. first reported that of graphite reinforcement carbon (GRC), which was commercially available as a lead of mechanical pencils with a diameter of 0.2 -0.9 mm, exhibited good voltammetric features as a working electrode. 9 The GRC electrodes provide better electrochemical properties, arising from the edge of natural graphite powder, and have been successfully applied to voltammetric studies. 10, 11 The advantages of using GRC electrodes were: low cost, disposability, and improved electrode activity. If GRC had electrochemical properties of pseudo-reference in the solution of an ethanol-water (3:2, v/v) mixture containing DBBQ, NaCl, and acids, it would be possible to develop a very simple and cheap disposable electrochemical cell having three GRC leads as a working, a counter, and a pseudo-reference electrode. A disposable voltammetric cell using three pencil leads as working, reference, and counter electrodes was developed for determining the titratable acidity, i.e. the acid content in vinegar. The materials of the pencil leads were graphitereinforcement carbons (GRCs). A voltammetric determination of acid was made by measuring the reduction prepeak current of 3,5-di-t-butyl-1,2-benzoquinone (DBBQ) due to the presence of acids in unbuffered solution. The potential stability of the pseudo-reference electrode of GRC was examined. The prepeak current was found to be proportional to the acetic acid concentration from 0.05 to 2.7 mM with a correlation coefficient of 0.999. The cell-to-cell reproducibility for 1 mM acetic acid was evaluated with ten individual disposable cells. The RSD of the prepeak current and the SD of the prepeak potential were 2.56% and 0.008, respectively. The titratable acidity in five vinegar samples was determined by voltammetry using disposable cells and compared with that of the titratable acidity determined by the conventional potentiometric titration method. We then observed the results by both methods, and found a correlation coefficient of 0.972. As such, the voltammetry using disposable-cell required only one thousandth the volume of a vinegar sample for the titration method. The disposable cell was superior to the conventional electrochemical cell, in terms of facility, environment-friendly, and economy, and thus a sensor using the present cell would be useful for routine work in the quality control of vinegar.
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Disposable cells using three GRC leads are expected to aid in the development of automatic analyzers for routine work.
In this study, we developed a disposable electrochemical cell using three GRCs. Also, the titratable acidity of vinegar was determined by a voltammetric measurement using a cell based on the reduction of DBBQ in an unbuffered solution.
Experimental

Reagents and solution preparation
3,5-Di-t-butyl-1,2-benzoquinone (DBBQ, 98%) was purchased from Tokyo Kasei Kogyo Co., Ltd. Ethanol (99.5%), NaCl, lactic acid, acetic acid, propionic acid, and butyl acid were purchased from Wako Pure Chemical Industries (Osaka, Japan). Rice, cider, cereal, wine, and balsamic vinegars were obtained from commercial sources. An ethanol-water (3:2, v/v) mixture containing 50 mM NaCl was used as the supporting electrolyte. The vinegars and standard acids were dissolved in an ethanol-water (3:2, v/v) mixture solution containing 3.0 mM DBBQ and 50 mM NaCl.
Apparatus
Voltammetric measurements were made using a potentiostat with a function generator (Model HAB-151, Hokuto Denko Co., Tokyo, Japan), a recorder (Model 3036, Yokogawa Electric Co., Tokyo, Japan), and a conventional beaker-type electrochemical cell or a developed disposable-type electrochemical cell. Linear potential sweep voltammetry was performed with a potential sweep rate of 50 mV/s. The beaker-type electrochemical cell was composed of a cell bottom of 50 ml capacity and a silicon rubber cell top. A working electrode of plastic formed carbon (PFC, a disk of 3 mm diameter, Mitsubishi Pencil Co. Ltd., Japan), an Ag/AgCl reference electrode, and a platinum counter electrode were inserted through the lid into the cell.
Potentiometric titrations were conducted using an automatic potentiometric titrator (Model AUT-301, TOA Electronics Ltd., Japan).
Results and Discussion
Disposable electrochemical cell using a GRC pseudo-reference electrode
A disposable-type electrochemical cell was composed of a polyethylene tube having a volume capacity of 10 ml and a silicon rubber cell top ( Fig. 1 ). Three GRCs (mechanical pencil leads, 0.5 mm diameter, 2H grade, Pentel Co. Ltd., Tokyo, Japan) were used for a working electrode, a pseudo-reference electrode, and a counter electrode, respectively. Each GRC was fitted into the silicon rubber cap, and the length of each GRC electrode was 10 mm.
The vinegars and standard acids were dissolved in 3.0 mM DBBQ with an ethanol-water (3:2, v/v) mixture solution containing 50 mM NaCl to prepare the test solution. It was reported that GRC had characteristics similar to those of a glassy carbon (GC), and could be used in methanol. 12 We selected an ethanol-water mixture as a less-hazardous solvent. A test solution of 5 ml was poured into the tube of a disposable cell, and the tube was stopped with a silicon rubber cap with three GRCs, and then turned upside down to allow the GRCs to soak in the test solution.
A saturated calomel electrode (SCE) (Hg|Hg2Cl2 (sat'd), KCl (sat'd)||) or silver/silver chloride electrode (Ag|AgCl (sat'd), KCl (sat'd)||) is commonly used as a reference electrode for voltammetry in an aqueous medium. Those electrodes are halfcells having a known electrode potential that remains constant and are insensitive to the composition of the analyte solution. However, those electrodes are very expensive for disposable cells, and might be candidates as hazardous waste. Thus, these electrodes are unsuitable as reference electrodes for an inexpensive disposable cell. In this study, GRC was put in contact with an electrolyte solution, which is cheap and easily disposed. Also, we examined its suitability to act as a pseudoreference electrode. The potential differences between two half cells in an ethanol-water mixture (3:2 v/v) containing 50 mM NaCl are listed in compared with that of GRC against Ag/AgCl (sat'd KCl). All combinations of electrodes in an ethanol-water mixture (3:2, v/v) containing 50 mM NaCl (shown in Table 1 ) gave stable potentials.
To show the characteristics of disposable cells using a GRC pseudo-reference electrode, voltammograms of 3 mM DBBQ in the presence of 1 mM acetic acid in an ethanol-water mixture (3:2, v/v) containing 50 mM NaCl were examined. The reproducibility of the prepeak for acetic acid and the reproducibility of the peak potential and the peak current of DBBQ original peak (main peak) for ten runs using an individual cell are given in Table 2 . The standard deviation (SD) of each peak potential using a GRC pseudo-reference electrode was slightly larger than that using an Ag/AgCl (50 mM NaCl) reference electrode. The relative standard deviation (RSD) of the main peak and the prepeak currents were less than 2.74%. Although the prepeak potential was slightly shifted from 0 V vs. Ag/AgCl to a negative potential by an increase in the acid concentration, the prepeak current was constant at a certain concentration, and a plot of prepeak current vs. acid concentration gave a straight line. Therefore, these results indicate that the GRC was useful as a pseudo-reference electrode in voltammetric determination under such a concentration. Thus, three GRC electrodes would be applicable to the disposable cell on a particular voltammetric determination of the organic acid.
Prepeak of DBBQ in the presence of an acid
The voltammogram of DBBQ using a disposable cell was compared to that using a beaker-type cell. A similar shape of the voltammograms ( Figs. 2A and 2B) was noted. In the presence of acetic acid, a prepeak appeared at a potential more positive than that corresponding to the original reduction peak ( Fig. 2A (curve (b -e ) and Fig. 2B (curve (b -e) ). Although the prepeak obtained by the disposable cell was slightly and negatively shifted with an increase in the acid concentration, its prepeak current attained the same height of the prepeak current obtained by the beaker-type cell for each concentration. The calibration curve is shown in Fig. 3 ; the prepeak current was found to be proportional to the acetic acid concentration from 0.05 to 2.7 mM with a correlation coefficient of 0.999. Moreover, the linear range and calibration curve of propionic, butyric, and lactic acids are given in Table 3 . The prepeak current was found to be proportional to the propionic, butyric, and lactic acid concentrations from 0.05 to 2.5 mM with a correlation coefficient of more than 0.999. The presented disposable cell was used to carry out the determination of carboxylic acid above the concentration range.
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ANALYTICAL SCIENCES NOVEMBER 2003, VOL. 19 Table 1 Potential difference between two half cells immersed in 50 mM NaCl in ethanol-water (3:2, v/v) a. An Ag/AgCl reference electrode with double junction was used. Mean ± SD (n = 10).
Half cell on the right/potential difference (V) a ||KCl (sat'd), AgCl (sat'd)|Ag NaCl (50 mM)|GRC NaCl (50 mM), AgCl (sat'd)|Ag
Half cell on the left Ag|AgCl (sat'd), KCl (sat'd)|| a 0 ± 0 +0.102 ± 0.006 -0.177 ± 0.006 Ag|AgCl (sat'd), NaCl (50 mM) -0.105 ± 0.004 0 ± 0 -0.286 ± 0.007 GRC|NaCl (50 mM) +0.180 ± 0.005 +0.278 ± 0.007 +0.005 ± 0.007 Table 2 Cell-to-cell reproducibility of peak potential and prepeak current for 1 mM acetic acid a. The reproducibility was evaluated by voltammogram of 3 mM DBBQ and 50 mM NaCl containing 1 mM acetic acid in ethanol-water mixture (3:2, v/v) with ten individual disposable cells with GRC pseudo-reference electrode and ten individual cells with Ag/AgCl reference electrodes. 
Determination of the titratable acidity in vinegars by a disposable electrochemical cell
Various acids contained in vinegar gave rise to a prepeak on the voltammogram of DBBQ. As is evident in Fig. 4 , one prepeak at -0.36 V vs. GRC/50 mM NaCl was caused by acids of rice vinegar in a DBBQ solution. In this study, the acidity in vinegars was determined using a calibration curve of acetic acid by a disposable cell. The titratable acidity was converted to the concentration of acetic acid (M) according to the definition of the acidity of vinegar in line with industry guidelines. 1 The disposable cell was applied to titratable acidity determinations for five kinds of vinegar: cereal, cider, rice, wine, and balsamic. The results and precision are listed in Table 4 . For a comparison of the determination of titratable acidity by potentiometric titration, 10 ml of a vinegar sample was neutralized with 0.500 M NaOH. The required volume of 0.5 M NaOH was calculated as a titratable acidity as the acetic acid content according industry guidelines. 1 A comparison of the potentiometric titration and voltammetric methods using a beaker-type cell measurement are shown in Table 4 . Data of the titratable acidity determined using a disposable cell showed a correlation with those of the titration method as well as the voltammetric method using a beaker-type cell: y = 1.024x (r = 0.972) and y = 1.026x (r = 0.992), respectively, where y is the acid concentration (M) as acetic acid, determined by the present method using a disposable cell, and x is that by potentiometric titration and voltammetric determination using a beaker-type cell, respectively. The precision of the potentiometric titration was the most accurate, but the RSD of the acidity using the disposable cell was smaller than 2.9%, showing better precision of the disposable cell. The necessary measuring time and sample volume of one assay by potentiometric titration was 30 min and 10 ml, respectively. However, in the case of the disposable cell, the measuring time and the sample volume of one assay were 2 min and 10 µl, respectively. The beaker-type cell required 80 µl for one assay. The present method was found to be very economical in terms of chemical regents and personal costs for determining the titratable acidity.
Conclusion
A very simple disposable-type electrochemical cell using GRCs for working, pseudo-reference, and counter electrodes was developed for the voltammetric determination of titratable acidity in vinegars. The presented disposable cell was cheap, disposable, and possessed improved electrode reproducibility, and was shown to be useful for determining the titratable acidity in vinegar. The color and turbidity of a sample caused no interference on the analytical results by the present method. The present method proved to be suitable as an alternative to the conventional potentiometric titration method to determine titratable acidity in food, wine, fruit, and beverages. Moreover, the disposable cell will lead to the development of an automatic analyzer for titratable acidity measurements of vinegar in industrial laboratories.
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